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ABSTRACT
Low Resource Assay for Tracking SARS-CoV-2 in Wastewater
by
Julissa van Renselaar, Master of Science
Utah State University, 2022
Major Professor: Dr. Keith Roper
Department: Biological Engineering
Tracking SARS-CoV-2 in wastewater has allowed for an estimate of community
infection, information of infectivity when testing was either slow or unavailable, and the possible
conclusion of asymptomatic individuals shedding infected epithelial cells. Numerous nucleic
acid concentration and extraction protocols have emerged since the beginning of the pandemic
but often yield low performance, resource use, and/or turnaround time. Wastewater monitoring
has been used in the past to track other viral infections. To further support wastewater
monitoring of viral infections, there has been a positive correlation between positive clinical
cases of COVID-19 and copies of SARS-CoV-2 ribonucleic acid (RNA) in wastewater. In
comparison with other concentration methods in literature, the adapted spin column direct
extraction method had comparable performance, limited resource use, and fast turnaround time.
The spin column direct extraction method yielded a human coronavirus, strain OC43 (HCoVOC43) spike recovery of 83%, consumable cost of $2.01 per sample, and a turnaround time of
0.33 hour/sample. Concentration methods include but are not limited to direct extraction,
electronegative filter type HA filtration, ultrafiltration, ultracentrifugation, magnetic bead
absorption, and precipitation. The concentration methods cannot be solely analyzed for
performance, resource use, and turnaround time. The steps taken before and after concentration
play a big role in these factors of analysis. Ratings for superiority and inferiority of these
methods are broken down by the series of steps taken to recover and analyze ribonucleic acid
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from wastewater. These series of steps consist of pretreatment, heat pasteurization, clarification,
concentration, extraction, and analysis. Some protocols have omitted or modified these steps for
various reasons such as higher throughput of RNA, faster turnaround time, reduced resources,
etc. This spin column direct extraction protocol combines the concentration and extraction steps
which provides it with more opportunity to be used in a low resource setting while maintaining
high yields, low cost, and fast cycle time.
(61 pages)
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PUBLIC ABSTRACT
Low Resource Assay for Tracking SARS-CoV-2 in Wastewater
by
Julissa van Renselaar

Wastewater based epidemiology (WBE) allows for the tracking of nucleic acid of SARS-CoV-2
in wastewater which gives the opportunity for the public and government officials to be informed
about the infectivity of the virus in a community. Advances have been made in WBE that have
allowed for higher performance, lower resource use, and faster turnaround time. An adapted
concentration method of spin column direct extraction has yielded a proxy virus recovery of
83%, consumable cost of $2.01 per sample, and a turnaround time of 0.33 hour/sample. Other
concentration methods have lower proxy virus recoveries, comparable cost, and comparable
turnaround time. The concentration methods that are reviewed are direct extraction, HA
filtration, ultrafiltration, ultracentrifugation, magnetic bead absorption, and precipitation. The
advantage to the spin column direct extraction method is it serves as a concentration and
extraction method which saves time and resources. There are a series of common steps in sample
processing that goes as follows: pretreatment, heat pasteurization, concentration, extraction, and
analysis. Each step contributes to the loss and/or recovery of the nucleic acid. It is important to
evaluate each step of the process to have a comprehensive review of the protocol. Factors used
for the evaluation are performance, resource use, and turnaround time. This study compared the
newly adapted spin column direct extraction to HA filtration + bead beating. In addition, this
method was compared to other reported methods and their values of spike recovery, cost, and
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throughput time. Under these parameters, the spin column direct extraction proved to have high
performance, low resource use, and fast turnaround time.
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CHAPTER 1
INTRODUCTION
Wastewater-based epidemiology (WBE) has been used in the past to track viral infections
like Poliovirus and Hepatitis A.1,2 WBE has been implemented across the world throughout the
pandemic to track SARS-CoV-2 RNA in wastewater.3–8 Improvements to WBE have the
potential to provide faster information and reactivity about the spread of a virus not only to
government officials but the public. New protocols and methods often provide reductions in
turnaround time and resources which allow more areas and regions to participate and conduct
WBE.
SARS-CoV-2 is a virus that causes a respiratory illness known as COVID-19. SARSCoV-2 is short for severe acute respiratory syndrome coronavirus 2. It first originated in Wuhan,
China and was declared a worldwide pandemic on March 11, 2020, by the World Health
Organization.9 COVID-19 can spread via human-to-human contact, primarily by respiratory
droplets and through fomites.10 Additionally, there has been live virus found in feces of those
who have tested positive.9 COVID-19 causes several symptoms that range from fever, cough,
shortness of breath, fatigue, etc.
There are four structural proteins in the genome of this virus. The four structural proteins
are the spike (S), membrane (M), envelope (E), and the nucleocapsid (N).10 For the purpose of
quantifying SARS-CoV-2 in wastewater, oligonucleotides for the S and N proteins are targeted
using RT-qPCR.3
Detection of viral RNA in stool specimen was found in patients of reported
illness/infection.11–13 This leads to the potential of stool being an avenue for viral infection.11,12
Transmission of SARS-CoV-2 through stool is dependent on presence, frequency, and viral
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loads.14 Viral entry of SARS-CoV-2 has been indicated by angiotensin-converting enzyme-2
(ACE2), also known as the host receptor, binding to the S1 protein.14 ACE2 is the receptor for
SARS-CoV-2 to enter and infect a cell. Specifically, the S1 protein binds to the peptidase
domain of ACE2.15 Expression of mRNA of ACE2 was found in the gastrointestinal system of
infected patients.16 More specifically, ACE2 staining using a Histological Staining (H&E)
method found expression of ACE2 in the cytoplasm of gastrointestinal epithelial cells.12
Given the information that viral RNA was detected in stool specimen of patients that
have tested positive and expression of the viral protein in epithelial cells specific to the small
intestine, monitoring wastewater systems was the next step. There was a positive correlation
between positive clinical cases and copies of RNA in the wastewater.4
Overall, methods to recover and analyze RNA from wastewater consist of a series of
steps. This series of steps can be seen in Figure 1. In some cases, there is a step before
inactivation. This is known as a pretreatment step. This step can consist of the addition of a
salt/buffer mixture.17 Following a pretreatment, heat pasteurization or also known as inactivation
is next. According to the Center for Disease Control this is a cautionary step to reduce
aerosolizing biological agents. Next, there is solid removal or clarification step. This can be done
many ways. The most common methods for solid removal are centrifugation and filtration. Next
is concentration of RNA. Some of the most common methods seen in literature are
electronegative membrane,18–20 ultrafiltration,18,19,21 ultracentrifugation,18,22 magnetic bead
absorption,20,23 and precipitation.18–21 Following the concentration step is the purification step.
This step can be designed by a research group or there are commercially available kits to purify
RNA from environmental samples like wastewater. Lastly, is the analysis step that involves the
quantification and measurement of RNA in a given sample. Under CDC issued guidelines, this is
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done by reverse transcription- quantitative polymerase chain reaction (RT-qPCR). There are
protocols in literature that have also used reverse transcription- digital polymerase chain reaction
(RT-dPCR).24
The approach used at Utah State University (USU) from April 2020 to June 2021 was
electronegative filtration (HA) and bead beating method. HA is a type of membrane filter used to
recover the nucleic acid. HA and bead beating was the method used at USU because this method
was under CDC issued guidelines. To improve upon performance, reduce resources, lower
turnaround time, and potentially administer in a low resource setting, a spin column direct
extraction method was implemented.17 The spin column direct extraction method utilities a
pretreatment step that prevents degradation of the nucleic acid and a silica spin column to
Figure 1
Flow diagram of direct extraction of RNA of SARS-CoV-2 from wastewater utilizing a silica spin
column.

Note. Diagram was made using BioRender.
capture the RNA. This direct extraction method eliminates most of the equipment, consumables,
and time that most common concentration methods need. Additionally, it eliminates the necessity
of a traditional purification step with a series of buffers used to extract the RNA. With major
modifications to two critical steps in the recovery of SARS-CoV-2 in raw wastewater, it is
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proposed that the spin column direct extraction method will have comparable performance,
reduced resource use, and fast turnaround time.
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CHAPTER 2
BACKGROUND
The most common series of steps seen in majority of SARS-CoV-2 recovery in wastewater
protocols is shown in Figure 1. Commonly, sample processing begins with pasteurization,
clarification, concentration, extraction, and ends with an analysis step. The overall performance,
resource use, and turnaround time are addressed by each step as each protocol published in
literature varies greatly. By analyzing each step, the spin column direct extraction method was
developed, and an accurate evaluation of other published concentration methods was performed.

Pasteurization
Performance
Heat pasteurization has been known to either degrade the sample by a reduction of SARS-CoV-2
concentration/ signal as much as 55% or open the encapsulated virus which affects the recovery
of a virus. However, despite the different reports, for safety measures it is recommended. Ratings
of reported pasteurization methods can be seen in Table 1. Different SARS-CoV-2 processing
methods have found that pasteurization reduces the signal of SARS-CoV-2 or it is not affected.
Palmer et al. found that it can reduce the signal as much as 50-55% at 60°C for 90 minutes.25
Islam et al. found that at 60°C for 60 minutes the number of gene copies were reduced in the
pasteurized samples versus the unpasteurized samples.26 However, despite causing a reduction in
signal, heat pasteurization is a safety precaution that is recommended by the CDC.27 Pecson et al.
observed that there was no significant difference of pasteurization at 60 °C for 60 minutes.24
Additionally, Whitney et al. reported that with a silica and NaCl pretreatment step there were no
effects on the recovery of SARS-CoV-2 with or without heat pasteurization at 70 °C for 45
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minutes.17 It appears that the sampling and pretreatment of a sample before concentration and
extraction of RNA is critical to the performance of the entire process and key to that performance
appears to be the addition of salt, EDTA, and buffer. The salt disrupts protein interactions and
EDTA prevents degradation of RNA.17 The ‘high’ designated in performance represents no
opportunity for degradation in the sample because the samples were not heat pasteurized. The
‘medium’ represents opportunity for degradation but not significant opportunity because samples
were heat pasteurized for 30 minutes. The ‘low’ represents maximum opportunity for
degradation as the samples were heat pasteurized for 90 minutes.
Resource Use
Resource use for heat pasteurization is either none or dependent on a piece of equipment and
energy required to operate it. Heat pasteurization is commonly done by a water bath. The size of
the water bath is dependent on the volume and quantity of the samples. Protocols without heat
pasteurization do not require any resources as sample processing will likely start with a
clarification step. The ‘high’ designated in resource use represents the cost of a water bath. The
‘low’ represents that there was no resource use or cost for this step. There is no ‘medium’
because either this step is skipped in sample processing, or it is not.
Turnaround Time
The throughput time is dependent on the time the protocol stipulates to pasteurize the sample
which can vary between 45, 60, 90 minutes, or no time at all. The ‘high’ designated in
turnaround time represents the longest time, 90 minutes for heat pasteurization reported in
literature. The ‘medium’ represents 30 minutes for heat pasteurization. The ‘low’ represents no
time allotted for heat pasteurization.
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Table 1
Ratings of reported pasteurization methods
Pasteurization

N/A

Reference

Performance

Philo et al. , 2020

high

Barril et al., 2020

(low in safety)

Resource

Turnaround

Use

time

low

high

Karthikeyan et al., 2021
Parra-Guardado et al.,
2022
60 °C for 30 min

Zheng et al., 2022

medium

high

medium

60 °C for 90 min

Prado et al., 2021

low

high

low

Clarification
Filtration and centrifugation have comparable performance. Filtration has higher operating cost
while centrifugation has higher capital cost.28 Filtration has a lower turnaround time. Ratings of
reported clarification methods can be seen in Table 2.
Performance
The performance for clarification correlates with what needs to be separated. Filtration separates
based on size while centrifugation separates based on density. The difference between filtration
and centrifugation is based on different physical properties and cost. Often times there is no
clarification step or both filtration and centrifugation are done.24 Additionally, there may be a
two-step clarification.18,19 Flocculation is a common primary clarification step while
centrifugation is a common secondary clarification step.
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Resource Use
Resource use is dependent on the equipment chosen to clarify the sample as the capital and
operating cost for filtration and centrifugation differ. The high capital cost of centrifugation is
due to the high prices of benchtop centrifuges. The high operating cost of filtration is due to the
consistent necessity of a pressure differential and the consumables.
Turnaround Time
The turnaround time depends on the composition and type of the sample as well as the capability
of the equipment; treated wastewater, untreated wastewater, and rainwater all differ in its
concentration of solid matter. The low turnaround time with filtration may be due to solid buildup. Additionally, with an applied speed of rotation known as rotations per minute (RPM) the
time for sample processing is often faster than filtration.
Table 2
Ratings of reported clarification methods
Clarification

N/A

Reference

Philo et al., 2020

Performance

Resource

Turnaround

Use

time

low

low

low

high

medium

high

Karthikeyan et al.,
2021
Parra-Guardado et
al., 2022
flocculation followed by
centrifugation

Zheng et al., 2022
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PEG followed by centrifugation

Barril et al., 2020

high

medium

medium

filtration

Barril et al., 2020

high

low

low

centrifugation

Prado et al., 2021

high

medium

high

Concentration
Concentration methods are evaluated by recovery efficiency for performance, capital and
operating cost for resource use, and throughput or cycle time for turnaround time. Ratings for
reported concentration methods can be seen in Table 3.
Performance
The performance of each concentration method was evaluated by recovery efficiency of a proxy
virus that behaves in a similar and comparable manner to SARS-CoV-2. It should be noted that
there are several factors outside of the concentration method that can affect recovery efficiency.
Resource Use
Resource use for concentration is dependent on operating cost and capital cost which includes
consumables, cost of personnel, cost of equipment, and use of hazardous, rare, and/or expensive
materials.
Turnaround Time
Turnaround time is based off completion time which reports time spent from the start of the
concentration step to the beginning of the next step, extraction. A lot of studies only account for
throughput time and not cycle time. Cycle time accounts for time from start to finish while
throughput time only accounts for time to complete processes or steps.
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Table 3
Ratings of reported concentration methods

Concentration

Reference

Performance

Method
Precipitation

Resource

Turnaround time

Use
Zheng et al., 2022

medium

medium

low

low

low

medium

medium

low

medium

high

medium

medium

Karthikeyan et al.,
2021
Philo et al. , 2020
Barril et al., 2020
HA Filtration

Zheng et al., 2022
Karthikeyan et al.,
2021
Philo et al. , 2020
Barril et al., 2020

Filtration

Zheng et al., 2022
Karthikeyan et al.,
2021
Philo et al., 2020
Barril et al., 2020

Centrifugation

Zheng et al., 2022
Prado et al., 2021
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Magnetic Beads

Karthikeyan et al.,

high

high

medium

2021
Parra-Guardado et al.,
2022

Extraction/Purification
Purification methods are evaluated by detection rates and/or cycle threshold (Ct) values for
performance, capital and operating cost for resource use, and throughput or cycle time for
turnaround time. Ratings for reported purification methods can be seen in Table 4.
Performance
The performance of extraction is evaluated based on detection rates and Ct values which both
represent the recovery of nucleic acid.18,23 Detection rates can be determined through an analysis
method. This detection can either be SARS-CoV-2 or a spiked virus in the wastewater.
Resource Use
The resource use is based on consumables and reagents used, more specifically its cost,
complexity, availability, and accessibility. There are commercial kits that are available for
purchase but are often more expensive than making the buffers.
Turnaround time
Turnaround time for evaluation is based off completion time which represents the time it takes
from start to finish. Purification methods often have a series of wait steps which sometimes
aren’t included and results in the report of throughput time.
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Table 4
Ratings of reported purification methods.

Purification Method

Reference

Performa

Resource

Turnaround

nce

Use

time

Lysis Buffer-based

Zheng et al., 2022

medium

medium

medium

Magnetic Bead-based

Karthikeyan et al.,

high

high

medium

low

medium

low

2021
Parra-Guardado et
al., 2022
Acid-guanidinium-phenol-

Zheng et al., 2022

based

Pecson et al., 2021

Analysis
RT-dPCR is more sensitive assays than RT-qPCR but have a more costly resource use and
slower turnaround time. Ratings for reported analysis methods can be seen in Table 5.
Performance
The performance of each analytical method is also based on recovery efficiency but also Ct
values. There are small differences in variability between analytical methods.24 It is important to
note that the primers/probes and concentration of SARS-CoV-2 played a role in variability.29 It
appears that RT-dPCR is more sensitive than RT-qPCR at low concentrations but at higher
concentrations there is no significance difference.30
Resource Use
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The resource use for the analysis step is dependent on the cost of consumables. The consumables
for RT-dPCR are more expensive than RT-qPCR.30 Thus, resulting in resource use for RT-dPCR
greater than RT-qPCR.
Turnaround Time
The turnaround time for each assay is dependent on several factors but overall, RT-qPCR has a
faster turnaround time than RT-dPCR. It is dependent on thawing of reagents, personnel
efficiency, well plate, and time in thermocycler. Amhed et al. controlled the first two variabilities
but still found that RT-dPCR took approximately 3.5 hours while RT-qPCR took approximately
1.5 hours.30
Table 5
Ratings of reported analysis methods
Analysis

Reference

Performance

Resource Use

Turnaround time

medium

medium

low

Method
RT-qPCR

Zheng et al., 2022
Philo et al., 2020
Barril et al., 2020
Karthikeyan et al.,
2021
Parra-Guardado et
al., 2022
Ahmed et al., 2022
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RT-dPCR

Pecson et al., 2021
Ahmed et al., 2022

high

high

high
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CHAPTER 3
MATERIALS AND METHODS
Handling
The samples arrived from wastewater treatment plants (WWTPs) by couriers in nonsterile 1-L
polypropylene collection bottles.31 Two aliquots were made for the purpose of spiking the
samples and comparing methods side by side. The aliquot that went through HA and bead
beating contained 250 mL of the 1-L 24-hour composite, spiked with 3 copies per milliliter of
OC43.31,32 The aliquot that went through the proposed spin column direct extraction method
contained 15 mL of the spiked 250 mL wastewater.

Pretreatment
Before the heat pasteurization step, the sample yielded a final composition of 4M NaCl, 10 mM
Tris pH 7.2, 0.1 M EDTA. The sodium chloride and Tris EDTA buffer were aliquoted into a
centrifuge tube before the addition of the sample to the mixture. Sodium chloride disrupts protein
interactions. EDTA prevents degradation of RNA. Tris acts as a buffer for nucleic acid.16

Inactivation
Heat pasteurization of wastewater samples for 1 hour at 60 ℃ has been commonly used in
wastewater surveillance protocols. According to the Center for Disease Control this is a

cautionary step to reduce aerosolizing biological agents.27 To ensure a homogenous solution, the
sample was inverted a couple of times before the conclusion of heat pasteurization. It was proven
that the inversion of the sample at the 30- and 45-min mark ensured the dissolution of the salt
pellet and a homogenous composition.
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Sample Analysis
After heat pasteurization, the samples were centrifuged at 4696 xG at 10 C for 10 minutes to
remove any solids. A serological pipette was used to remove 5 mL of sample and added to a
sterile centrifuge tube. This was the total volume of each sample that was filtered. Then, 200
proof ethanol was added slowly to the centrifuge tube containing the sample to yield a final
concentration of 35% alcohol by volume. Ethanol is miscible in water and was used as a
coagulant for proteins and lipids to prevent clogging during vacuum filtration. The samples were
then mixed by inversion and added to the reservoir of the daisy chain. The reservoir was covered
in parafilm to prevent the escape of EtOH via evaporation. Before the silica membrane dried out,
2 mL of Wash Buffer 1 (1.5 M NaCl 20% EtOH 10 mM Tris pH 7) were added. Following the
addition of Wash Buffer 1, 3 mL of Wash Buffer 2 (0.1 M NaCl 80% EtOH 10 mM Tris pH 7)
were added. At this point the columns were dried out completely. To elute any remaining wash
buffer the spin columns were centrifuged at 10 xG at 25 C for 2 minutes. To ensure that there is
no remaining ethanol, the columns were heated in an air fryer for 1 min at 160 F, uncapped.
Then, followed two different elution steps. The first elution step was the addition of 50 µL of
Tris (10 mM, pH 7) preheated at 70 C. To guarantee that the Tris was saturated on the silica
membrane, the spin column-elution tubes were centrifuged at a slow spin of 0.5 xG at 25 C for 1
minute. Afterwards, they were heated in an air fryer for 1 min at 160 F, capped. The second
elution step involved the addition of 100 µL of Tris (10 mM, pH 7) preheated at 70 C. The
samples were again centrifuged at a slow spin and heated in the air fryer for 1 minute.
Afterwards, to elute the total volume of Tris, the samples were centrifuged at a fast spin of 10 xG
at 25 for 2 minutes.
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Daisy Chain/ Set up
The observation of outgassing led to a daisy chain set up. A daisy chain of spin columns (Luna
USP004) is analogous to the addition of resistors to an electrical circuit. As resistors are added to
a circuit, the current is reduced. Henceforth, the addition of a spin column reduced the flow rate
of the sample. This minimized the occurrence of outgassing. It was determined that two spin
columns were sufficient as it yielded better results and more than two allowed for an unstable
chain. It should be noted that outgassing could not be observed because of the blockage of the
catheter adapter (Qosina 97328). The daisy chain went as follows: vacuum manifold (Promega
A7231), FL2ML valve (Qosina 17656), catheter adapter (Qosina 97328), spin column (Luna
USP004), catheter adapter (Qosina 97328), secondary spin column (Luna USP004), and
reservoir (Zymo C1040-5). After the daisy chain had been set up, 3-4 mL of Prewash (2 M NaCl,
5 mM Tris pH 7.2, 0.5 mM EDTA) were added to the reservoir. The valve to the port was shut
before the reservoir is depleted of prewash. Care was taken to not dry out the column by leaving
~1 mL of prewash.
Vacuum Manifold
To be time efficient and account for all samples, a vacuum manifold (Promega A7231) was used
over a rubber stopper with a shut off valve. The manifold has the capability to process 20
samples simultaneously and with the assistance of a FL2ML adapter (Qosina 17656) each
sample was controlled at the port. This was a crucial component to the design as the port could
be closed off before the silica membrane was dried out in between steps. Given only the outer
dimensions of the manifold it was calculated that the volume capacity was less than 2.8 L which
was sufficient for 7.7 mL samples.
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OC43 Spike
The virus chosen to spike the sample is critical because it has the potential to affect the recovery
efficiency of SARS-CoV-2.33 Using primers/probes for human coronavirus OC43 is more
versatile than the primers/probes for bovine coronavirus (BCoV) because the former can detect
for both OC43 and BCoV while the later cannot.24 To account for recovery of the protocol, the
samples were spiked prior to any pretreatment. This accounted for any losses throughout the
steps of the protocol but not any losses during transportation or storage of the samples. Other
enveloped proxy viruses that are used in other studies are inactivated SARS-CoV-2, feline
calicivirus (FCV), and bovine respiratory syncytial virus (BRSV).17–20,22,28

Data Analysis
SARS-CoV-2
To assess the presence of SARS-CoV-2 in wastewater, an assay for RT-qPCR was developed.
The forward (2019-nCoV_N1) and reverse primers/probe mixtures (2019-nCoV_N2) were
provided by Integrated DNA technologies (IDT, USA). The master mix used in this assay was
TaqPath™ 1-Step RT-qPCR Master Mix, CG (ThermoFisher Scientific, USA). The reaction
volume was 10 µL with template RNA at 6.3 µL and 400 nM for each primer. The thermocycler
used was QuantStudio 3 and held the following thermocycler conditions: RT at 50 C for 15 min,
polymerase activation at 95 C for 2 min, and amplification for 50 cycles at 95 C for 3 s and 60 C
for 30 s. A standard curve was developed with the positive control 2019-nCoV_N_Positive
Control (IDT, USA) at a starting concentration of 200,000 copies/ µL. Additionally, 6.3 µL of
PCR grade water was used as the negative control.
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OC43
To assess the recovery of SARS-CoV-2 in wastewater, an assay for RT-qPCR for OC43 was
developed. A concentrated stock of OC43 (ATCC VR-1558) was used to spike the samples. The
primers and probe were provided by IDT and developed by Dare et al.34 The master mix used in
this assay was TaqPath™ 1-Step RT-qPCR Master Mix, CG (ThermoFisher Scientific, USA).
The reaction volume was 10 µL with template RNA at 5 µL. The concentration of each primer
was 500 nM for the forward primer and 750 nM for the reverse primer. The concentration of the
probe was 50 nM. The thermocycling conditions were the same as the assay for SARS-CoV-2. A
standard curve was developed with the positive control ATCC VR-1558DQ (IDT, USA).
Additionally, 5.0 µL of PCR grade water was used as the negative control.
PMMoV
To quantify the number of individuals that contributed to the wastewater samples, an assay for
RT-qPCR of Pepper Mild Mottle Virus (PMMoV) was developed. The primers and probe were
provided by IDT and developed by Zhang et al.35 The master mix used in this assay was
TaqPath™ 1-Step RT-qPCR Master Mix, CG (ThermoFisher Scientific, USA). The reaction
volume was 10 µL with template RNA at 5.65 µL. The concentration of the primers was 500
nM. The concentration of the probe was 250 nM. The thermocycling conditions were the same as
the assay for SARS-CoV-2. A standard curve was developed with a positive control. This
positive control was a 68 bp sequence from strain PV-570 and provided by IDT. Additionally,
5.65 µL of PCR grade water was used as the negative control.
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OC43 Recovery efficiency
The recovery efficiency was calculated using the ratio of copies/mL found in the sample by the
copies/mL calculated in the positive control. This equation can be seen in Equation 1 below. This
calculation compares to Zheng et al. and Kantor et al., ratio of output over input.18,33

Eq. 1

Eq. 2

Eq. 3

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑂𝑂𝑂𝑂43 =
× 100%
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
� 𝑚𝑚𝑚𝑚 � 𝑂𝑂𝑂𝑂43 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
�
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
�
�=
𝑚𝑚𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
�µ𝐿𝐿� × (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) × [µ𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟]
[𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚]
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𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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CHAPTER 4
RESULTS AND DISCUSSION
This study compared HA filtration + bead beating to a newly developed spin column direct
extraction method. Additionally, reported values from other popular concentration methods were
compared to the spin column direct extraction method. Parameters for this analysis include
performance, resource use, and turnaround time. Performance is evaluated by recovery,
sensitivity, and reproducibility, resource use is mainly evaluated by capital and operating cost,
and turnaround time is mainly evaluated by cycle time or throughput time.

Performance
PMMoV RNA Recovery
PMMoV is a nonenveloped virus that is found in wastewater due to human fecal contributions
which allows it to serve as an indicator of sensitivity for this low resource assay.36 Its presence in
wastewater is based on diets and is often found in the stool of individuals that consume peppers
and pepper products.37 In other words, the overall diets of the individuals contributing to the
wastewater samples determines the quantity of copies/mL or copies/g. The equation used to
calculate copies/mL can be seen in Equation 2. The concentrations of PMMoV in influent
wastewater were found to be between 1015 and 1016 copies/mL collected on campus near
dormitories. Other reported concentrations were greater than 106 copies/mL raw sewage from a
WWTP, mean 3.7 − 4.4 × 106 copies/L influent and effluent wastewater from a WWTP,
6.3 × 106 copies/L influent wastewater from a WWTP, and 106 − 109 copies/g dry feces

directly from 3 individuals.35,37–39 In comparison, other assays detected lower concentrations of
PMMoV which could indicate that the spin column direct extraction method has a high capacity
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of detection of viral loads. Evidence for this high capacity can be seen in Table 6. Otherwise,
another explanation for the difference between the PMMoV viral concentration reported in
literature and this study could be that college students are consuming more peppers or pepper
products. Higher consumption of these products could result in higher concentrations in
wastewater.
Colson et al. found that twenty two out of 304 (7%) adults’ stool tested positive for the
viral RNA.40 This study sampled several different communities with positive PMMoV ratios and
percentages that can be seen in Table 6 with the lowest percentage of detection reported at 87.5%
and the highest level at 100%. It should be noted that each of these communities house college
students which could affect the prevalence of PMMoV as diets are a major factor to PMMoV
contribution in wastewater. The difference in the reported percentages from Colson et al. and this
study could be the diet of the individuals tested. The differences between the communities are
whether the students are single, married, and/or have children. Additionally, some of these
communities do not contain a full kitchen. In other words, there are several different lifestyles
among the varying communities.
Table 6
Ratio and percentage of PMMoV presence in untreated wastewater
Community

Samples Collected

Ratio Positive w/PMMoV

% Positive w/PMMoV

A

29

29/29

100.00%

B

23

22/23

95.65%

C

28

26/28

92.86%

D

8

7/8

87.50%

E

2

2/2

100.00%
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The wastewater testing on USU campus led to the general trend that as the number of
individuals rise in a community the copies of PMMoV per person per milliliter go down. This
trend can be observed in Table 7. This trend could be due to the inclusion of more individuals
and more buildings dilutes the sample even more. With the inclusion of more buildings, there is
greater use of other water resources such as potable and shower water. Additionally, there could
be more run off with the inclusion of a greater area. Thus, the concentration of PMMoV is
reduced because the samples are more diluted. Communities C1 and C2 do not observe this trend.
Table 7 represents the communities down a column and represents the number of buildings
across a row. There was a total of 4 locations where the community could be broken down into 1,
2, 3, and/or 4 buildings. These number of buildings are represented in each column of Table 7.
This led to subsets within a community that included a reduction of individuals. Each of these
communities housed single individuals. Community C has a total of 7 buildings which broke
down into C1 collecting samples from 4 out of 7 buildings and C2 collecting samples from 3 out
of the 7 buildings.
Table 7
Correlation of number of occupants and buildings with average copies of PMMoV per
individual per milliliter
Community
B

C1

Number of Buildings

1

2

3

4

Occupants

90

210

310

copy PMMoV/ (mL *person)

9.62E+13

7.71E+13

2.70E+13

Occupants

80

copy PMMoV/ (mL *person)

4.02E+12

Occupants

80

300

24

C2

D

E

copy PMMoV/ (mL *person)

2.3E+13

1.23E+13

Occupants

70

copy PMMoV/ (mL *person)

7.42E+12

Occupants

70

220

copy PMMoV/ (mL *person)

4.02E+12

2.74E+13

Occupants

210

400

copy PMMoV/ (mL *person)

1.24E+13

3.93E+12

Occupants

370

650

copy PMMoV/ (mL *person)

3.00E+12

2.06E+12

Additionally, four sampling dates taken from community B show that there was a direct
correlation between SARS-CoV-2 copy per individual per milliliter to PMMoV copies per
individual per milliliter. This trend can be seen in Figure 2. PMMoV is commonly tracked to
determine fecal contamination and/or presence in wastewater and other water sources.37–39
PMMoV is commonly used because it is the virus that is most commonly found in feces.35 In
addition to be PMMoV found in feces, SARS-CoV-2 has also been found in feces.14 The direct
correlation between SARS-CoV-2 and PMMoV could be due to the prevalence of feces in the
wastewater. With a higher prevalence of feces there is more of a viral load of SARS-CoV-2 and
PMMoV to be detected. With a Figure 2 represents the four sampling dates across the x axis and
the copies of virus per milliliter per individual across the respective y axis. The ratio
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𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−𝐶𝐶𝐶𝐶𝑉𝑉−2�
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 × 𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 × 𝑚𝑚𝑚𝑚

can be seen in Figure 3.

of the four sampling dates consistently remained at 10−16 which

Figure 2
Viral recovery of SARS-CoV-2 and PMMoV taken at community B
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Figure 3
Viral recovery ratio of SARS-CoV-2 and
PMMoV taken at community B
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OC43 RNA Recovery
The spin column direct extraction method had the highest proxy spike recovery of 83%
compared to other published concentration methods with the second highest spike recovery being
62% for PEG and lowest spike recovery being 0% for ultrafiltration. The recovery efficiency for
this low resource assay study was compared between one other method performed in the same
lab on the same day under the same conditions which resulted in the spin column direct
extraction method being superior in recovery. Recovery efficiency is defined in Equation 1 as the
ratio of output of copies per milliliter of OC43 over input of copies per milliliter of OC43. In
other words, the sample handling, transportation, storage, and spike were the same. The key
difference was the method of concentration and extraction shown in step 4 of Figure 1
representing the flow diagram of recovery and analysis of SARS-CoV-2 RNA in wastewater.
One method utilized HA filtration & bead beating while the other method utilized the spin
column direct extraction method for concentration and extraction. The HA filtration & bead
beating method yielded an average recovery percentage of 1.6% with a standard deviation of
0.84%. The spin column method yielded an average recovery percentage of 83% with a standard
deviation of 22%. The appendix provides more information on heat pasteurization, clarification,
concentration, extraction, and analysis steps in Table A1. This table lists what method of heat
pasteurization, clarification, extraction, and analysis was performed for each published paper.
Analysis was performed on 9 data points for a spike recovery for HA filtration and bead
beating and direct extraction spin column method. This spike recovery can be seen in Figure 4.
There are a few data points with the spin column method that have a recovery greater than 100%.
This was due to existing OC43 in the wastewater samples as shown in Figure 5 with the
‘unspiked’ samples. Human coronavirus, strain OC43 causes respiratory symptoms that resemble
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Figure 4.
Spike recovery of spin column direct extraction and HA filtration + bead beating concentration
methods

cold-like symptoms.41 A major contributor to the higher recovery in the spin column method was
the pretreatment with the salt which lysed virus and microorganisms, buffer, and its combination
to a silica matrix which captured the RNA.17 In comparison with other methodologies, as seen in
Table 8, the spin column method is superior in percent recovery.18,28 The adopted 4S (sewage,
salt, silica, and SARS-CoV-2) method from Whitney et al. found that it can help prevent RNA
degradation which could contribute to the higher percent recovery.17 As seen in Table 8 the
recovery efficiency for HA filtration and bead beating performed by this lab correlates with
literature. The recovery efficiency reported from this study was 1.6% and from LaTurner et al. it
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was 0.96%.28 Different proxy viruses were used to spike the samples which can affect percent
recovery because proxy viruses vary in characteristics such as size, surface, and overall
stability.33
In addition to the spike recovery comparing HA filtration and bead beating and direct
extraction spin column, there was a study to compare spiked and unspiked aliquots of the
samples in one method, HA filtration and bead beating. This study can be seen in Figure 5.
Figure 5 shows that there is an occurrence of OC43 in nearly all community wastewater samples
due to fecal contributions from residents. There is a lot of variability between the samples
reported in Figure 5. A cause for this variability could be inhibitors in the wastewater but there
were no known inhibitors at the time nor were the samples tested for it.
Figure 5
OC43 spiked and unspiked aliquots of samples run with HA filtration + bead beading
method
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SARS-CoV-2 RNA Recovery
Recovery of SARS-CoV-2 is an essential parameter for determining the overall performance of
this low resource assay, but it should be noted that each step of the process can result in a loss of
virus. A spiked virus should account for losses of viral RNA at steps of pretreatment, heat
pasteurization, concentration, extraction, and analysis, but it does not account for losses during
handling and transportation.33 The samples processed were 24-hour composite samples that were
transported on ice and held at 4 ℃. Within the timeframe of collection, transportation, and
storage there is room for loss but there is no way to verify the loss of nucleic acid prior to

collection. In addition to the potential loss of virus at each step, the form, free nucleic acid or
encapsulated nucleic acid of SARS-CoV-2 affects recovery.33 However, pasteurization often
causes lysis of encapsulated virus which in turn releases nucleic acid.17 So, in some cases,
pasteurization can affect the form of a virus.
Table 8
Average spike recovery for various concentration methods
Method

Average Spike

Number of

Recovery

Samples

Spike

Source

Direct Extraction

3.84%

6

BCoV

LaTurner et al., 2021

HA Filtration + Bead

0.96%

6

BCoV

LaTurner et al., 2021

Beating

1.6%

9

OC43

This study

HA Filtration + Elution 0.57%

6

BCoV

LaTurner et al., 2021

0.08%

6

BCoV

LaTurner et al., 2021

62.2%

5

FCV

Barril et al., 2020

PEG Precipitation

30
15%

11.8 ± 8.38%

96

12

inactivated SARS-

Karthikeyan et al.,

CoV-2 virus

2021

inactivated SARS-

Zheng et al. 2022

CoV-2 virus

Ultrafiltration

0.36%

6

BCoV

LaTurner et al., 2021

0%

5

FCV

Barril et al., 2020

9.6 ± 5.23%

12

inactivated SARS-

Zheng et al. 2022

CoV-2 virus
4S-Column

8.0 e + 06 gene

20

BCoV

Whitney et al., 2021

12

inactivated SARS-

Zheng et al. 2022

copies/L
25.4 ± 5.91%

Ultracentrifugation

Magnetic Beads
Spin Column Direct

CoV-2 virus
27.4% ± 8.64

223

BRSV

Prado et al., 2020

27%

96

inactivated SARS-

Karthikeyan et al.,

CoV-2 virus

2021

OC43

This study

83%

9

Extraction

Sensitivity of Spin Column Direct Extraction
The sensitivity or limit of detection (LOD) of the spin column direct extraction method was 105
gene copies per liter and the sensitivity of the HA filtration + bead beating was also 105 gene
copies per liter. Various values of limit of detection for other concentration methods can be seen
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in Table 9. As seen, the spin column direct extraction method has comparable sensitivity to
other published concentration methods. The sensitivity was determined by calculating the limit
of detection (LOD). The limit of detection was defined by the Clinical Laboratory Standards
Institute as “the lowest amount of analyte (measurand) in a sample that can be detected with
(stated) probability, although perhaps not quantified as an exact value.” 42 The equation used to
calculate LOD was the same found in Pecson et al. which can be seen in Equation 4. The
theoretical instrument detection limit is one gene copy per 5 µL of PCR assay which is the same
assumption as Pecson et al.24 Recovery in Equation 4 is defined as recovery percentage which is
calculated with Equation 1. With the spin column direct extraction and HA filtration + bead
beating methods, the volume of the sample is collected on a spin column and a filter paper. The
spin column direct extraction method then elutes the nucleic acid using Tris. The HA filtration +
bead beating method shatters the filter and then goes through a phenol-based RNA extraction.
For both methods it is assumed that the volume used for RNA extraction is the same as the
volume used after concentration given that the volume is collected on a solid matrix after
concentration.
𝐺𝐺𝐺𝐺

Eq. 4

𝐿𝐿𝐿𝐿𝐿𝐿 � 𝐿𝐿 � =

Eq. 5

𝐶𝐶𝐶𝐶 =

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 �𝐺𝐺𝐺𝐺�𝐿𝐿 �
𝐶𝐶𝐶𝐶×𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

×

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑓𝑓𝑓𝑓𝑓𝑓 𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

1

× 𝐷𝐷𝐷𝐷

Table 9
Sensitivity for various concentration methods
Method

LOD (gene copies/L)

Virus

Source

Direct Extraction

~104-106

OC43

Pecson et al., 2021

HA Filtration

105

OC43

This study
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PEG Precipitation

~103-104

OC43

Pecson et al., 2021

4.3 *103

Feline Calicivirus

Barril et al., 2020

(FCV)
~104-105

OC43

Pecson et al., 2021

~104- 104.5

OC43

Pecson et al., 2021

6.19 *103

Murine Hepatitis Virus (MHV)

Forés et al., 2021

Ultracentrifugation 103

SARS-CoV-2

Wurtzer et al., 2020

Spin Column Direct 105

OC43

This study

Ultrafiltration

Extraction

Reproducibility of Spin Column Direct Extraction Method
The reproducibility of the spin column direct extraction method was established with the
observed 9 data points in Figure 4 and a standard deviation of 22%. Patel et al. defines
reproducibility as “re-performing the same analysis with the same code using a different
analyst.” 43 The spin column direct extraction method was performed by a team of individuals.
Thus, providing that more than one analyst performed this method. To further support the
reproducibility of this method, Pecson et al. notes that multiple concentration methods for
processing SARS-CoV-2 in wastewater can produce reproducibility.24 Additionally, Palmer et al.
states that reproducibility is established by a workflow.25 In the case of the spin column direct
extraction method the workflow goes as follows 1) pretreatment with sodium chloride, EDTA,
and tris, 2) heat pasteurization at 60 ℃ for 60 minutes, 3) clarification via centrifugation, 4)

concentration and extraction via silica spin column and series of wash buffers, and 5) analysis
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via RT-qPCR. With a consistent workflow or “code” for all 9 samples performed by different
individuals, reproducibility is established.

Resource Use
The two methods, HA + bead beating, and spin column direct extraction studied by this lab
resulted in a $1.98 difference per sample. Resource use is dependent on capital cost and
operating cost which leaves room for variability between different labs and studies. Capital cost
includes equipment use and operating cost includes consumables and personnel. For a cost
analysis, the resources utilized during and before concentration were only evaluated. Thus, the
resources utilized during RNA extraction and PCR were not included. One of the biggest capital
costs are centrifuges.28 Centrifuges vary in size and capability. Operational cost is more variable.
Overlapping equipment for the spin column and HA filtration and bead beating methods
included Thermo Scientific Heraeus Multifuge X1R Centrifuge, Thermo Scientific Sorvall
Lengend Micro 21R Centrifuge, PolyScience Water Bath, and Vacuum pump. Reusable
materials for HA filtration and bead beating included the glassware. Reusable materials for spin
column direct extraction included the vacuum manifold, valves, reservoir, and catheters.
The cost of consumables for each process can be seen in Table 10. This summation of
consumables does not include serological pipettes, pipette tips, and PPE. Operation costs include
the compensation of personnel time. The time for personnel needed was reduced from HA
filtration + bead beating method to spin column direct extraction method. This turnaround time
can be seen and explained more in detail in the next section.
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Table 10
Consumable cost per sample for various concentration methods
Concentration Method
Direct Extraction
HA Filtration

Consumable Cost per sample ($)

Source

0.14 LaTurner et al., 2021
1.5 LaTurner et al., 2021
3.99 This study

HA Filtration + Elution
PEG
Ultrafiltration

5.8 LaTurner et al., 2021
11.02 LaTurner et al., 2021
12.1 LaTurner et al., 2021
12.81 Whitney et al., 2021

Spin Column Direct Extraction

2.01 This study

Turnaround time
The fastest turnaround time reported in literature was direct extraction and the 4S-column at 0.1
hour/sample while the spin column direct extraction resulted in 0.33 hour/sample.17,28 An
important distinction is the spin column direct extraction accounts for cycle time while direct
extraction account for throughput time. The cycle time includes set up, hands on, wait steps, and
clean up. So cycle time accounts for time up to after the extraction step is complete. Accounting
for heat pasteurization, set up, and estimated time for cleanup, sample processing for the spin
column direct extraction method took 2 hours and 51 minutes. For an average of 8.5 samples,
this equated to 20 minutes per sample. The HA filtration + bead beating had a total sample
processing time of 28 hours and 34 minutes. This was calculated for an average of 6.3 samples
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which equated time per sample to 4 hours and 31 minutes. This can be seen in Figure 6. The total
number of sample days to contribute to these averages was 29. It should be noted that the HA
filtration + bead beating required the 0.45 µm cellulose filter to be stored in the vapor space of
liquid nitrogen. Filtering and RNA extraction could not occur in one day due to time restraints,
so the filter was stored overnight. The time for storage overnight was approximately 20 hours.
This is a significantly long wait step, and it is possible that this time for storage can be reduced
but was not tested.
In comparison of the report of other methods, both the HA filtration + bead beating, and
spin column direct extraction took significantly longer. This can be seen in Table 11. The
numbers reported by LaTurner et al. are throughput time.28 This gave no indication that this time
includes heat pasteurization, set up, or clean-up which could account for the discrepancy. The
difference between HA filtration + bead beating from this study to LaTurner et al. is cycle time
versus throughput time. This study reported cycle time while LaTurner et al. reported throughput
time. It is noted in the literature that the PEG method was an overnight process due to a strain in
labor of lab personnel.28 The reported number was based on what it could be reduced to if there
was no strain. Additionally, Whitney et al. gave no indication whether the time reported was
cycle or throughput time.17
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Figure 6
Turnaround time for spin column direct extraction and HA filtration + bead beating
concentration methods

Time for Sample Processing
28:34:45
4:48

Time (h:mm)

0:00
19:12
14:24
9:36

4:31

2:51

0:20

4:48
0:00

total time

time/sample

Spin Column Direct Extraction

HA Filtration + Bead Beating

Table 11
Average time for sample processing for various concentration methods
Method
Direct Extraction
HA Filtration + Bead Beating

Average time (hr/sample)

Source

0.1 LaTurner et al., 2021
0.7 LaTurner et al., 2021
4.5 This study

HA Filtration + Elution

0.5 LaTurner et al., 2021

PEG

4.5 LaTurner et al., 2021

Ultrafiltration

1.5 LaTurner et al., 2021
0.1 Whitney et al., 2021
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Spin Column Direct
Extraction

0.33 This study

Note. LaTurner et al. accounts for average time over 6 samples. Whitney et al.
accounts for average time over 20 samples. This study accounts for 8.5 samples for
the spin column method and 6.3 samples for the HA filtration + bead beating.
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CHAPTER 5
CONCLUSION
Sample collection and silica column absorption for the spin column direct extraction method
were adapted from the 4S-column method. Heat pasteurization, clarification, desorption, and RTqPCR were not adapted from Whitney et al. The spin column direct extraction method resulted in
an average OC43 spike recovery of 83% with a standard deviation of 22%, consumable cost of
$2.01 per sample, and a turnaround time of 0.33 hour/sample. This method was compared to HA
filtration + bead beating under same conditions which resulted in an OC43 spike recovery of
1.60%, consumable cost of $3.99, and a turnaround time of 4.5 hour/sample. Compared to other
published concentration methods the spin column direct extraction method had a higher proxy
virus recovery efficiency, comparable consumable cost, and comparable turnaround time.
Additionally, careful review of each step in the sample process was taken and
implemented in the spin column direct extraction. Heat pasteurization was performed at 60 ℃ for
60 minutes to ensure safety. Clarification was performed using centrifugation as there was no

additional capital cost for this laboratory, less consumable cost, and accommodation of a wider
range of solids/debris levels. Concentration was adapted from the silica spin column proposed by
Whitney et al. Lastly, analysis was performed using RT-qPCR to limit more costly resource use,
increase time efficiency from 3.5 hours to 1.5 hours, and because it was the CDC-approved
protocol to test for SARS-CoV-2.
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APPENDIX
Table A1
Comprehensive review of precipitation, HA filtration, ultrafiltration, ultracentrifugation, and magnetic
bead concentration methods
Concentration
Methods

Specific

Heat

Volume

Pastuerization

(mL)

PEG

60 °C for 30 min

30

AlCl3

60 °C for 30 min

30

MgCl2

60 °C for 30 min

30

PEG

---

0.5

---

200

---

200

---

200

---

200

---

200

PEG

---

10

AlCl3

60 °C for 30 min

30

HA filtration

MgCl2

60 °C for 30 min

30

(membrane

0.45 μm negatively charged

---

200

absorption)

membrane

---

200

47 mm, 0.45 µm MCE filters

---

10

Precipitation

PEG
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Ultrafiltration

Ultracentrifugation

Magnetic Beads

Amicon-Ultra 15 Centrifugal Filter

60 °C for 30 min

30

Centricon Plus-70 centrifugal filter

60 °C for 30 min

30

Centricon Plus-70 centrifugal filter

---

0.1

Centriprep YM-50

---

200

Optima XPN Ultracentrifuge

60 °C for 30 min

30

---

60 °C for 90 min
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KingFisher method

---

10

---

---

1

Recovery Efficiency of
Clarification

spike

---

11.8 ± 8.38%

flocculation

11.0 ± 4.36%

flocculation

12.4 ± 8.34%

---

25%

0.2 μm pore-size filter membrane
centrifuge
shaken and then centrifuged
PEG then centrifuge
PEG then centrifuge

7.4%

---

15%

45
flocculation followed by
centrifugation

11.0 ± 8.25%

flocculation followed by
centrifugation

4.1 ± 3.33%

centrifuge
0.2 μm pore-size filter membrane
---

13%

centrifuge

12.4 ± 8.34%

centrifuge

7.9 ± 4.09%

centrifuge

27.3%

centrifuge

0%

centrifuge

25 ± 6%

centrifuge

27.4% ± 8.64

---

27%

---

11.8 ± 1.4%

Spike
inactivated SARS-CoV-2 virus
OC43
feline calicivirus (FCV)

46

inactivated SARS-CoV-2 viral particles
inactivated SARS-CoV-2 virus
feline calicivirus (FCV)
inactivated SARS-CoV-2 viral particles
inactivated SARS-CoV-2 virus
OC43
feline calicivirus (FCV)
inactivated SARS-CoV-2 virus
Bovine respiratory syncytial virus (BRSV)
inactivated SARS-CoV-2 viral particles
Gamma Inactivated SARS-COV-2 (GI-SCV-2) and Human Coronavirus 229E (HCV 229E)
Extraction
lysis buffer-based vs acid-guanidinium-phenolbased

Analysis

Source

RT-qPCR Zheng et al., 2022

QIAamp Viral RNA Mini Kit

RT-qPCR Philo et al. 2021

Direct-zol RNA Miniprep (Zymo Research)

RT-PCR

magnetic-bead-based nucleic acid extraction

RT-qPCR Karthikeyan et al., 2022

Barril et al., 2021
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lysis buffer-based vs acid-guanidinium-phenolbased

RT-qPCR Zheng et al., 2022

Direct-zol RNA Miniprep (Zymo Research)

RT-PCR

magnetic-bead-based nucleic acid extraction

RT-qPCR Karthikeyan et al., 2022

lysisbuffer-based vs acid-guanidinium-phenolbased

Barril et al., 2021

RT-qPCR Zheng et al., 2022

QIAamp Viral RNA Mini Kit

RT-qPCR Philo et al., 2021

Direct-zol RNA Miniprep (Zymo Research)

RT-PCR

lysis buffer-based extraction

RT-qPCR Zheng et al., 2022

QIAamp Viral RNA Mini kit

RT-qPCR Prado et al., 2022

magnetic-bead-based nucleic acid extraction

RT-qPCR Karthikeyan et al., 2022

Barril et al., 2021

Parra-Guardado et al.,
magnetic bead-based extraction

RT-qPCR 2022

Note. Table A1 spans multiple lines and across multiple pages because it is too large
to fit on one table.
Table A2
Cost analysis of reusable items for HA Filtration + Bead Beating
Item Name

Cost per item ($)

Brand

Glass Filtering Flask

333.500 Fisherbrand

Glass Support Base

139.840 Corning

Graduated Funnel

103.400 Corning
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Aluminum filtration spring clamp

122.000 Millipore

Reusable Glass Media Bottles with Cap

11.040 Fisherbrand

Glass Stirring Rod

0.387 GSC International

Total

710.17

Table A3
Cost analysis of reagent consumables for HA Filtration + Bead Beating
Item Name

Cost ($)/ Sample

Brand

HCl

0.187 Fisher Scientific

CTAB

0.020 Thermo Fisher

PEG-6000

0.014 Sigma-Aldrich

Phenol Chloroform Isoamyl Alcohol

0.376 Sigma-Aldrich

K2HPO4

0.000 Sigma-Aldrich

KH2PO4

0.000 SIgma-Aldrich

Sodium Chloride

0.016 sigma-Aldrich

PCR Grade Water

0.235 Thermo Scientific

70% v/v ethanol

0.003 Fisher Scientific

Total

0.851

Table A4
Cost analysis of reusable items for Spin Column Direct
Extraction
Item

Cost per item ($)

Brand
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Vacuum Manifold

225.50 Promega

Promega FL to ML

0.30 Promega

valve
Catheter Adapter

1.00 Promega

Zymo Reservoir

1.68 Zymo

Spin Columns

0.36 Luna

Total

228.84

